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SUMMARY 

We have successfully fabricated a monolithic two-terminal InP/InGaAsP tandem solar cell. This tandem 
solar cell consists of a p/n InP homojunction top subcell and a 0.95 eV p/n InGaAsP homojunction botto 
subcell A patterned 0.95 eV n+/p + InGaAsP tunnel diode was employed as intercell ohmic conn ®J t 'f )n The 
solar cell structure was prepared by two-step liquid phase epitaxial growth. Under one sun, AMI .5 global 
illumination, our best tandem cell delivered a conversion efficiency of 14.8%. 

INTRODUCTION 

Although multijunction solar cells have exhibited higher conversion efficiency than single junction solar 
cells in recent years, its full potential is far from being realized. Most of the R & D work on lll-V tandem solar 
cells is based on GaAs and its related ternary compound semiconductors. The highest conversion efficiency 
reported for a monolithic two-terminal tandem solar cell under one-sun, AMI .5 global illumination is abou 
27% [11I21. InP-based multijunction tandem solar cells have not received much attention until recently _lnP and 
its related ternary and quaternary compound semiconductors such as InGaAs and InGaAsP offer desirable 
combinations of energy bandgap values and show great promises for multijunction tandem solar cell 
applications; especially for tandem solar cells which consist of three subcells. 

One of the key components for a two-terminal monolithic mulitijunction tandem solar cell is a low-loss, 
highly conductive intercell ohmic contacts (lOCs) for the series connection of individual subcells. Two types 
of lOCs are considered to be feasible for monolithic tandem solar cells. They are tunnel junctions and 
interconnects (MICs). Both tunnel junctions and metal interconnects have been used as lOCs for GaAs- 
based multijunction tandem cells [1] [2] [3], For InP-based mutijunction solar cells, only MICs have been used 
recently as lOCs for the InP/InGaAs tandem solar cells developed by M. Wanlass and coworkers at SERI [ ]. 
In this work, we have developed a 0.95 eV n+/p + InGaAsP tunnel diode and successfully employed it as lOCs 
for a monolithic two-terminal InP/InGaAsP tandem solar cell. Details of the device structure, device 
fabrication procedures and device performance are discussed in following sections. 

DEVICE STRUCTURE, EPITAXIAL GROWTH AND DEVICE FABRICATION 

A schematic cross section of a two-terminal monolithic InP/InGaAsP tandem solar cell is shown in Fig. 
1 The entire tandem cell structure was grown on a (100) oriented n-type InP substrate by using tv ^'® te P 
liquid-phase epitaxial (LPE) growth. The two subcells are connected with a patterned 0.95 eV n + /p InGaAsP 
tunnel junction. The patterned n+/p + InGaAsP tunnel junction covers about 12.5% of the total surface area. 
The patterning of the tunnel junction was accomplished by using photolithography and selective wet chemical 
etching. A p-lnP layer was grown on top of the InGaAsP lower cell and used as an etch-stop layer to facilitate 
the patterning processes. A patterned p + -lnGaAs layer was employed as the contacting layer for the front 
grid contacts. The front contacts cover about 12.5% of the surface area. The complete solar cells are of mesa 
type, with a total surface area of 4 mm 2 . Single layer of Sb 2 0 3 was used as antireflection coating. 
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In the early stage of this work, n + /p + ln Q 53 Gag 47 As tunnel junctions were considered for lOCs for 
the senes connection of the InP subcell and the InGaAsP subcell. ln 0 53 Ga 0 47 As has a direct energy 

bandgap of 0.75 eV and is lattice matched to InP, which makes it an attractive material for tunnel junctions, 
n our previous work [5], we have investigated the electrical properties of p+/n+ ln Q 53 Ga Q 47 As tunnel 

junctions prepared by LPE. Since then, we have made better p+/n+ ln 0 53 Ga 0 47 As tunnel junctions with 

higher conductivities and larger peak current densities. We have also developed 0 95 eV p+/n+ InGaAsP 

lunnoi JUn< ? IOnS b X. Their electrical Properties are listed in Table 1, along with several different tvoe of 
tunnel junctions which have been used as lOCs for GaAs-based tandem solar cells. Although ln n coGa/^As 

th ! h !f eSt Peak current densities as wel1 as the lar 9 est conductivities, we found that it 
was difficult to incorporate them into our tandem solar cell structures by LPE since melt-back Droblem durinn 
LPE growth forbids the direct growth of InP on ln 0 . 5 3 G a o. 47 As. Xs a result we sSed [ to InGaAsP 
tunnel junctions and were successful in using them as lOCs. 

The thickness and doping concentration of individual epitaxial layer for the first and second LPE 
growth are listed in Table 2. The LPE growth procedures for the p/n InP* upper cell and the p/n InGaAsP 
lower cell were similar to what we reported previously [6] [7], Typical growth temperatures for me first and 
second growth are 630°C-625°C and 580°C-550°C, respectively. In order to simplify the InP orowth 
processes for the InP/InGaAsP tandem structure, the p-lnP region and the p-InGaAsP* region were not 
grown epitaxially as we did for the single-junction InP and InGaAsP solar cells but were created^y in-diffusion 
iunchon^vl^^mther ,£2 dunn g the growth period. Consequently, both subcells are essentially of diffused 
,h w 9r ° Wn Junc,l0n l VP e The depth of both p/n diffused junctions is about one micron 
° P ! imize the j unct,on depth for maximum conversion efficiencies. The processing 
sequence for the fabrication of the InP/InGaAsP tandem solar cell is illustrated in Fig. 2. 

Several InP/InGaAsP tandem solar cells were evaluated at SERI under 1 sun qlobal AMI 5 

ZgS , a X W m" 3(a > and 3(b > are «"> "9 h < '- v Characteristics lor the two most e^idlm 

InP/InGaAsP tandem solar cells we have tested so far. The open-circuit voltage (V oc ), short-circuit current 

(J sc ) and Fill factor exhibited by the best device were 1.363 V, 13.85 mA/cm 2 and 0.786, respectively The 

!rnm1ht a J^ er ^ nvers *°" efficien cy was 14.8%. The second best tandem solar cell which was processed 
from the same wafer exhibited a conversion efficiency of 14.6%. The V oc , J sc , and Fill factor exhibited bS 

' '“T 1 best device were 1.383 V, 12.94 mA/cm 2 and 0.816, respectively. The relative quantum efficiency 
of the InP upper cell and the 0.95 eV InGaAsP lower cell is shown in Fig. 4. ^ 

DISCUSSION 

cn. a r JJ e ?.! USe .°V he CUrrent matchin 9 requirements imposed on a series-connected two-terminal tandem 

fnP/InraA^P 2°* ^7^ ' n ' m ' ted by the SUbceN which 9 enerates th e 'east current. For the two-terminal 
nP/InGaAsP tandem solar cell reported here, the output current is limited by the InGaAsP lower subcell. The 

short-circuit current density of 13.85 mA/cm 2 exhibted by the 14.8% efficient InP/InGaAsP tandem solar rail 
is comparable in value to what has been reported on the most efficient monolithic Ga n Jn n Ip/GaAs tandem 

solar cell and the most efficient Al 0 37 Ga Q 63 As/GaAs tandem solar cell [1] [2], Our results thus confirm that 
the °.95 eV InGaAsP solar cell performs quite well underneath an InP solar cell when they are connected in 
series. With the incorporation of another 1.93 eV wide bandgap solar cell such as AIGalnP solar cell as the 
top subcell, with the InP subcell in the middle and the InGaAsP subcell at the bottom the total conversion 

'" CreaSe '° 3 ° % ™ K ‘ ’ he ° U,pul v °" a ° e can be enhanced wi,lwut 
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Fig. 1. Schematic cross section of a two-terminal, monolithic InP/InGaAsP tandem cell. 
Table 1 . Electrical properties of various types of tunnel Junctions 


Material System 

Peak current density 
Jp (A/cm 2 ) 

Resistivity 
R (10'3, £2-cm 2 ) 

Ref. 

p + -GaAs/n + -GaAs 

34 

3.0 


p + -GaAs/n + -GaAs 

15 

4.7 

d 

h 

p + -GaAs/n + -Ga As 

23 

1.7 


p + -GaAs/n + -GaAs 

45 

2.0 

H 

p + -Ge/n + -Ge 

3 

10 

u 

p 

P + /n + lno.53Gao.47 A s 

793 

0.4 

This Work 

p + /n+-lnGaAsP 

28 

2.0 

This Work 


a. 

b 

c. 

d. 

e. 
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Table 2. Thicknesses and doping concentrations of epitaxial layers in the InP/InGaAsP 
tandem cell. 


Layer 

Thickness 

(pm) 

Doping Concentration 
( cm" 3 ) 

First Crystal Growth 


17 

undoped InGaAsP 
p-InP 

3.0 

1.0 

3-°x 10 

2.5 xio;* 

p + -InGaAsP 

0.5 

2.0 x 10 

n + -InGaAsP 

0.5 

2.0 x 10 

Second Crystal Growth 


18 

n + -InP 

2.5 

7.0 x 10 

undoped InP 
p + -InGaAs 

2.5 

1.3 

1.0 x 10. 8 

6.0 x 10 
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undoped-InGaAsP 
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(b) Patterning of IOC Layers 



(c) Second LPE Growth 


p + -lnGaAs 
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(d) Metallization 



(e) Cell Isolation 


p + -lnGaAs 

p-lnP 
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(f) Contact-Layer Removal and 
AR Coating Deposition 


Fig. 2. The Processing sequence for the fabrication of the InP/InGaAsP tandem solar cell. 
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Fig. 3. Light l-V characteristics under 1 sun, AMI .5 global illuminations for two InP/InGaAsP 
tandem solar cells. The total surface area is 0.04 cm 2 . 
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